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Magnesium deficiency (MgD) disrupts numerous physiological processes, yet its specific impact on in 
vivo glucose homeostasis remains unclear. This study investigated the longitudinal effects of MgD on blood 
glucose dynamics in freely moving rats using continuous glucose monitoring. Animals were maintained on  
a 2–3-week MgD or Control diet under two conditions: access to standard drinking water or a 10% glucose 
solution. Under standard drinking water conditions, MgD rats exhibited significantly lower mean blood 
glucose levels specifically during the quiescent day phase, although nonlinear fluctuation patterns remained 
comparable to those of controls. Conversely, when provided with the glucose solution, MgD rats increased 
fluid intake, exhibiting a behavioral compensation that normalized mean glucose levels despite the hypo-
glycemic tendency. However, detailed time-series analysis utilizing recurrence plots revealed that this com-
pensation coincided with altered dynamics; MgD rats exhibited significant impairment in the periodicity of 
glucose fluctuations during the day phase under the glucose-challenge condition, indicating disrupted blood 
glucose homeostasis. These findings suggest that chronic MgD lowers baseline glucose levels, potentially via 
enhanced insulin secretion, thereby further compromising glucose stability under metabolic challenge. This 
study highlights the important role of magnesium (Mg) in maintaining circadian glucose rhythmicity and 
pancreatic functional integrity. Consequently, we propose the synergistic application of Mg assays and con-
tinuous glucose monitoring as biomarkers for metabolic disorders.
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INTRODUCTION

Magnesium (Mg) is an essential mineral that plays a crucial 
role in numerous physiological processes, and its deficiency 
can lead to widespread systemic abnormalities affecting mul-
tiple organ systems.1,2) As the fourth most abundant cation 
in the human body and a cofactor for over 300 enzymatic 
reactions, magnesium deficiency (MgD) has been linked to 
various pathological conditions, ranging from cardiovascular 
disorders to neurological dysfunction.3,4)

Mg serves as a critical modulator of N-methyl-d-aspartate 
(NMDA) receptors, acting as a voltage-dependent blocker that 
regulates calcium influx and neuronal excitability.5,6) While 
this mineral has been classically associated with cardiac 
arrhythmias—where hypomagnesemia can precipitate ven-
tricular tachycardia and sudden cardiac death7,8)—more recent 
evidence links MgD to deficits in performance on memory 
tasks and cognitive dysfunction. This highlights the mineral’s 
importance in hippocampal-dependent learning and synaptic 
plasticity.9,10)

Notably, NMDA receptor expression has been confirmed 
in pancreatic β-cells, suggesting a potential role for glutamate 
receptors in glucose homeostasis.11,12) Furthermore, inhibiting 
NMDA receptors has been shown to disrupt pancreatic β-cell 

networks and alter insulin secretion patterns.12,13) Nevertheless, 
the precise impact of MgD on glucose regulation remains 
unclear and requires further research.

In this study, we implanted continuous glucose monitoring 
(CGM) sensors in rats with experimentally induced MgD in 
a freely moving environment to monitor blood glucose levels 
longitudinally. We also analyzed the nonlinearity of time-
series glucose fluctuations during the consumption of either 
normal or glucose-enriched water to elucidate the relationship 
between Mg status and glucose homeostasis.

MATERIALS AND METHODS

Approvals  Animal experiments were performed with 
the approval of the Animal Experiment Ethics Committee 
at the University of Tokyo (Approval Number: A2025P009) 
and in accordance with the University of Tokyo guidelines 
for the care and use of laboratory animals. These experi-
mental protocols were carried out in accordance with the 
Fundamental Guidelines for Proper Conduct of Animal 
Experiment and Related Activities in Academic Research 
Institutions (Ministry of Education, Culture, Sports, Science 
and Technology, Notice No. 71 of 2006), the Standards for 
Breeding, Housing, and Pain Alleviation for Experimental 
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Animals (Ministry of the Environment, Notice No. 88 of 
2006), and the Guidelines on the Method of Animal Dis-
posal (Prime Minister’s Office, Notice No. 40 of 1995). 
All animals were housed under a 12-h dark–light cycle at 
22 ± 1°C, with ad libitum access to food and water. While 
our experimental protocols mandate humane euthanasia of 
animals if they exhibit any signs of pain, prominent leth-
argy, and discomfort, such symptoms were not observed in 
any of the rats tested in this study. All efforts were made to 
minimize the animals’ suffering.

Animals  A total of 27 (15 standard drinking water, 12 glu-
cose water experiment) male 7- to 10-week-old Wistar rats (Japan 
SLC, Shizuoka, Japan) were housed individually under condi-
tions of controlled temperature and humidity (22 ± 1°C, 55 ± 5%) 
and maintained on a 12/12-h light–dark cycle (lights off from 
7:00 a.m. to 7:00 p.m.) with ad libitum access to food and water. 
Rats were habituated to the experimenters by daily handling.

The Control diet was formulated with 32.2% corn starch, 
24.5% milk casein, and 7.00% mineral mix, providing a total 
Mg content of 80 mg per 100 g of diet (CLEA Japan, Tokyo, 
Japan). In contrast, the low-Mg diet differed from the Control 
diet solely in its mineral mix, resulting in a total Mg content 
of 2.7 mg per 100 g of diet (CLEA Japan).

After the two-week diet treatment, the body weight of the 
rats was 232 ± 13.6 g (mean ± standard deviation [S.D.], n = 11 
Control rats) and 230 ± 15.5 g (mean ± S.D., n = 6 MgD rats). 
There was no significant difference in body weight (Welch’s 
t-test).14) After this treatment, either standard drinking water 
or 10% ᴅ-glucose solution (16806-25; Nacalai Tesque, Kyoto, 
Japan) in drinking water was administered, and the amount of 
glucose water consumed was measured.

Glucose Monitoring  A wireless glucose-monitoring 
device, the Medtronic Guardian™ 4 Smart CGM System 
(Medtronic, Minneapolis, MN, U.S.A.), was used to measure 
glucose concentrations in rats. This device measures glucose 
concentration using an enzyme-coated electrode (glucose oxi-
dase). A small patch of skin on the hind leg was removed. The 
skin was then dissected, and the electrode of the Guardian™ 
4 Smart CGM System was positioned and inserted into the 
thigh muscle. Once placed, the device was sutured onto the 
surrounding muscle. The dissected skin was then sutured so 
that the entire device was positioned beneath the skin. After 
all the surgeries were completed, an appropriate dose of the 
antibiotic cefazolin was administered intramuscularly, and the 
nonsteroidal anti-inflammatory drug meloxicam was admin-
istered subcutaneously, based on the rat’s body weight. Post-
operatively, blood samples were collected from the tail vein 
once daily, and blood glucose levels were measured using the 
“Oshiete! Gluco” device (ForaCare Japan, Tokyo, Japan). The 
glucose values were then input into the device for calibration, 
and glucose levels were continuously recorded for several 
days postoperatively. The blood glucose levels were measured 
every 5 min. All the data are composed in the Supplementary 
Materials.

Data Analysis  For each experiment (standard drinking 
water, glucose water) and phase (day, night), we first extracted 
a continuous segment from each time series. Specifically, we 
identified and analyzed the earliest continuous segment with 

length ≥100 time points (≥500 min) within each phase. How-
ever, it should be noted that the glucose sensor of one MgD 
rat became unusable before sufficient data could be obtained 
during the initial day and night phases. Thus, this rat was 
not included in the analysis. The extracted segment was then 
z-score normalized (mean 0, unit variance) before subsequent 
analyses.

Embedding delay (τ) and embedding dimension (m) were 
determined using average mutual information (AMI) and 
false nearest neighbors (FNNs), respectively. The AMI curve 
was computed, and τ was selected as the first local minimum 
where the curve showed a clear decrease in mutual informa-
tion between consecutive time delays. The FNN ratio was 
evaluated across increasing m, and the embedding dimen-
sion was chosen as the smallest m for which the FNN ratio 
dropped below 0.05 for two consecutive values, ensuring that 
the ratio stabilized and the embedding dimension was suffi-
cient to avoid false neighbors. The final τ and m values used 
for each experiment–phase combination were the medians 
across segments.

Recurrence plots (RPs) were computed from z-score nor-
malized glucose time series. Phase-space reconstruction used 
the experiment- and phase-specific τ and m. The recurrence 
threshold was set via a fixed recurrence rate of 0.20, which 
yields a constant global density of recurrence points across 
recordings. This value was chosen to ensure a moderate den-
sity of recurrence points that would allow for robust analysis 
of deterministic structures while minimizing noise. All RPs 
were computed using the supremum norm.
From each RP, we computed two recurrence quantification 

analysis (RQA) metrics: diagonal line entropy (ENTR) and 
determinism (DET). ENTR quantifies the Shannon ENTR 
of the diagonal line-length distribution (with minimum line 
length lmin = 2, a standard value for detecting short determinis-
tic patterns), reflecting the complexity of deterministic struc-
tures and the unpredictability of the system’s dynamics. DET 
measures the proportion of recurrence points forming diag-
onal line structures (with minimum line length lmin = 2), cap-
turing the degree of DET in the system’s behavior. A higher 
DET value indicates a greater presence of regular, predictable 
patterns in dynamics, which is typically associated with deter-
ministic or quasi-periodic behaviors.

RESULTS

We investigated the effects of a two-week MgD on blood 
glucose levels. In this section, we first describe the average 
glucose profiles when standard drinking water was provided, 
followed by the profiles observed during the 10% glucose 
challenge. During the experimental period, rats were main-
tained on either a Control diet or an MgD (low-Mg) diet (Fig. 
1A). To monitor blood glucose dynamics, a clinical-grade 
wireless CGM sensor was implanted in the right hind limb 
muscle (Fig. 1B). Continuous recording commenced two h 
post-surgery and continued until sensor expiration (Fig. 1C). 
Dietary protocols were strictly maintained throughout the 
recording period. As we reported in our previous study,14) 
blood Mg concentration declined significantly, whereas the 
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body weight remained stable in the MgD group. Probability 
density analysis of the recorded blood glucose values revealed 
a significant shift toward lower values in the MgD group (Fig. 
1D, p = 3.39 × 10−301, Kolmogorov–Smirnov test, n = 7 Control 
and 8 MgD rats). To dissect this change, we analyzed these 
fluctuations across four circadian phases by examining three 
parameters: mean, S.D., and coefficient of variation (CV) 
during all phases, as well as the day1st (19 : 00–1 : 00), day2nd 
(1 : 00–7 : 00) (inactive period), and the night1st (7 : 00–13 : 00), 
night2nd (13 : 00–19 : 00) (active period). Analysis of the entire 

recording period revealed a significant decrease in mean 
glucose levels and a modest elevation in CV (Figs. 1E–1G, 
leftmost, p = 0.0317, 0.334, 0.0517, t13 = 2.43, −1.01, −2.14, 
Welch’s t-test, n = 7 Control and 8 MgD rats). Phase-specific 
analysis indicated that a significant decrease in mean blood 
glucose levels was observed during the 2nd half of the day 
phase (Figs. 1E–1G, second and third from the leftmost, day1st 
(19 : 00–1 : 00): p = 0.0743, 0.722, 0.690, t13 = 1.95, 0.366, −0.408; 
day2nd (1:00–7:00): p = 0.00598, 0.207, 0.0625, t13 = 3.28, −1.33, 
−2.06, Welch’s t-test, n = 7 Control and 8 MgD rats); however, 

Fig. 1.  Magnesium Deficiency Disrupts Fluctuations in Blood Glucose Levels in a Time-of-Day-Dependent Manner
(A) Timeline of the MgD experimental protocol. (B) Left: Representative image of the Guardian™ 4 CGM system glucose monitoring sensor. Right: Representative 

image of the glucose sensor surgically implanted on the gluteus maximus. The white scale bar indicates 1 cm. (C) Representative trace of daily blood glucose fluctuations 
in the Control (black) and MgD (blue) rats. The daytime is 19 : 00–7 : 00, and the nighttime is 7 : 00–19 : 00. The red arrowhead indicates the calibration time point. Repre-
sentative data for the Control and MgD rats were obtained on postoperative days 1 and 1, respectively. (D) Probability density of blood glucose levels. Each gray trace rep-
resents individual blood glucose data from a Control rat, with the black trace indicating the group average. Similarly, each light blue trace represents individual data from 
an MgD rat, with the blue trace indicating the group average (***p < 0.001, Kolmogorov–Smirnov test, n = 7 and 8 rats). (E) Average blood glucose levels over the entire 
 24-h period, followed by the first (19 : 00–1 : 00) and second (1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the 
night phase, presented from left to right (*p < 0.05, **p < 0.01, Welch’s t-test, n = 7 Control and 8 MgD rats). (F) S.D. over the entire 24-h period, followed by the first 
(19 : 00–1 : 00) and second (1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the night phase, presented from left to 
right (p > 0.05, Welch’s t-test, n = 7 Control and 8 MgD rats). (G) Coefficient of variation (CV) over the entire 24-h period, followed by the first (19 : 00–1 : 00) and second 
(1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the night phase, presented from left to right (p > 0.05, Welch’s t-test, 
n = 7 Control and 8 MgD rats). MgD: magnesium deficiency; CGM: continuous glucose monitoring; S.D.: standard deviation; CV: coefficient of variation.
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no significant difference was observed between the Control 
and MgD groups during the night phase (Figs. 1E–1G, fourth 
and fifth from the leftmost, night1st (7:00–13:00): p = 0.0550, 
0.423, 0.162, t13 = 2.15, −0.828, −1.50; night2nd (13:00–19:00): 
p = 0.117, 0.745, 0.230, t13 = 1.70, −0.334, −1.26, Welch’s t-test, 
n = 7 Control and 8 MgD rats). This suggests that MgD lowers  
blood glucose levels specifically during the resting phase, 
when food intake is minimal.

However, a decrease in blood glucose levels alone does 
not allow us to determine how the glucose response changes. 
Therefore, we examined blood glucose dynamics in Mg- 
deficient rats under sustained glucose-loading conditions. To 
examine glucose dynamics not only under spontaneous condi-
tions but also during sustained oral glucose loading, rats were 
given a 10% glucose solution as drinking water, a concentra-
tion previously used in rat metabolic studies evaluating the 
physiological effects of liquid glucose intake.15) In this exper-
iment, rats were provided ad libitum access to a 10% glucose 
solution instead of standard drinking water throughout the 
recording period (Fig. 2A). Notably, a moderate increase in 
total glucose solution intake was observed over five days 
in the MgD group (Fig. 2B, p = 0.0771, t12 = −2.00, Welch’s 
t-test, n = 8 Control and 6 MgD rats). Continuous recording 
commenced 2 h post-surgery and continued until sensor expi-
ration, as in the protocol shown in Fig. 1C (Fig. 2C). Proba-
bility density analysis of the recorded blood glucose values 
revealed a significant shift toward lower values in the MgD 
group (Fig. 2D, p = 1.98 × 10−42, Kolmogorov–Smirnov test, 
n = 7 Control and 5 MgD rats). However, quantitative analysis 
of the glycemic parameters (mean, S.D., and CV) revealed no 
significant differences between the Control and MgD groups 
in each phase (Figs. 2E–2G, leftmost, All phases: p = 0.338, 
0.566, 0.986, t10 = 1.01, 0.600, 0.0180, Welch’s t-test, second 
and third from the leftmost, day1st (19:00–1:00): p = 0.246, 
0.354, 0.892, t10 = 1.23, 0.980, 0.139; day2nd (1:00–7:00): 
p = 0.311, 0.960, 0.650, t10 = 1.07, 0.0515, −0.472, Welch’s t-test, 
right, fourth and fifth from the leftmost, night1st (7:00–13:00): 
p = 0.416, 0.367, 0.709, t9 = 0.854, 0.954, 0.387; night2nd (13:00–
19:00): p = 0.395, 0.351, 0.437, t10 = 0.905, 0.998, 0.813, Welch’s 
t-test, n = 7 Control and 4 MgD rats for night1st, 5 MgD rats 
for the other phases). These findings suggest that under MgD 
conditions, rats may adopt a behavioral strategy of increased 
glucose consumption to compensate for the reduced blood 
glucose levels observed during the resting phase.
Thus far, our comparisons of blood glucose fluctuations 

have relied mainly on aggregate summary parameters, such 
as the mean, S.D., and CV. These indices quantify the magni-
tude of glucose variability, but they do not describe how glu-
cose values are temporally organized over time. In contrast, 
time-series complexity reflects the structure of sequential fluc-
tuations, including the regularity, recurrence, and predictabil-
ity of temporal patterns. Therefore, two datasets may exhibit 
similar variability but differ in complexity if their temporal 
organization is different. To first assess whether MgD altered 
glucose dynamics at the level of linear periodic structure, 
we calculated the autocorrelation of each dataset to assess 
differences in periodicity. The results showed no significant 
difference in peak duration between the control group and the 

MgD group under the standard water condition (day: Control, 
98.3 ± 47.1 and MgD, 126.9 ± 69.1 (mean ± S.D.), p = 0.402, t13 
= −0.868, Welch’s t-test; night: Control, 66.7 ± 28.9 and MgD, 
94.0 ± 48.9 (mean ± S.D.), p = 0.278, t13 = −1.15, Welch’s t-test; 
n = 7 Control rats and 8 MgD rats). Likewise, no significant 
difference was observed under the 10% glucose solution 
condition (day: Control, 84.2 ± 19.3 and MgD, 78.0 ± 50.7 
(mean ± S.D.), p = 0.788, t10 = 0.277, Welch’s t-test, n = 7 Con-
trol rats and 5 MgD rats; night: Control 77.1 ± 21.4 and MgD, 
90.0 ± 46.9 (mean ± S.D.), p = 0.540, t9 = −0.637, Welch’s t-test, 
n = 7 Control rats and 4 MgD rats). However, blood glucose 
levels exhibit nonlinear behavior in their time series. Specif-
ically, the recursive structure of blood glucose time series is 
known to be disrupted during hyperglycemic and hypogly-
cemic phases in type 1 diabetes.16) Furthermore, a previous 
study reported that inhibition of NMDA receptors disrupts 
the oscillatory network activity of pancreatic β-cells.17) Conse-
quently, a detailed time-series analysis of blood glucose fluc-
tuations under MgD conditions is clinically relevant and offers 
potential insights into pancreatic β-cell dynamics. Therefore, 
we performed a detailed time-series analysis of blood glucose 
levels during the day and night phases in rats with access to 
either standard water or a 10% glucose solution.
For the time-series analysis, at least the first 500 min of 

recording were analyzed for both the day and night phases. 
The optimal embedding dimension was determined to be 3 
(see Materials and Methods). Consequently, we visualized the 
phase space trajectories in three dimensions for the Control 
and MgD groups under standard water access conditions 
(Fig. 3A). However, no discernible difference was observed in 
the topology of the trajectories in either phases. To facilitate 
quantitative assessment, we constructed RPs focusing on the 
periodicity of blood glucose fluctuations (Fig. 3B). Diagonal 
line length distributions from these RPs were calculated for 
each subject and subsequently pooled to generate probabil-
ity density distributions. The results revealed no discernible 
difference in the distribution of diagonal lengths between the  
Control and MgD groups during either the day or night phases  
(Fig. 3C). Subsequently, we conducted RQA.18) Specifically, 
no significant difference was observed in the ENTR of the 
diagonal length distributions (ENTR) (Fig. 3D, day: p = 0.978, 
t13 = −0.0278, Welch’s t-test; night: p = 0.264, t13 = −1.17, 
Welch’s t-test; n = 7 Control and 8 MgD rats). In addition, 
DET, an index of the stability of blood glucose levels, did not 
exhibit a significant difference (Fig. 3E, day: p = 0.968, t13 = 
−0.0406, Welch’s t-test; night: p = 0.202, t13 = −1.34, Welch’s 
t-test; n = 7 Control and 8 MgD rats). This indicates that the 
persistence of recurrent glycemic patterns is nearly identical 
during both the day and night phases under MgD conditions. 
Taken together, these results suggest that under MgD con-
ditions with standard water access, despite the decrease in 
mean blood glucose levels, the nonlinear characteristics of 
blood glucose fluctuations remained unaltered, reflecting pre-
served dynamical regularity.

Subsequently, we analyzed the blood glucose time series 
of Control and MgD rats provided with access to a 10% glu
cose solution. The three-dimensional phase space trajecto
ries for the MgD group displayed a distinct multicomponent 
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topology during the day phase, suggesting increased irreg-
ularity in blood glucose fluctuations (Fig. 4A). To quantify 
this difference, we constructed RPs using parameters identical 
to those employed in the standard water analysis (Fig. 4B). 
Diagonal line length distributions derived from these RPs 
were calculated for each subject and subsequently pooled to 
generate probability density distributions. The results demon-
strated a discernible decrease in the distribution of diagonal 
lengths under MgD conditions (Fig. 4C). Analysis revealed 
a significant decrease in the ENTR of the diagonal length 

distributions in the MgD group during the day phase (Fig. 
4D, day: p = 0.0469, t10 = 2.27, Welch’s t-test; n = 7 Control and 
5 MgD rats; night: p = 0.625, t9 = 0.505, Welch’s t-test; n = 7 
Control and 4 MgD rats). Furthermore, a significant decrease 
in DET was observed during the day phase in MgD rats (Fig.  
4E, day: p = 0.0429, t10 = 2.32, Welch’s t-test; n = 7 Control and 5  
MgD rats; night: p = 0.669, t9 = 0.442, Welch’s t-test; n = 7 Con-
trol and 4 MgD rats). This reduction in deterministic feedback 
control indicates a transition of the blood glucose regulation 
system toward a state of uncorrelated, stochastic fluctuations. 

Fig. 2.  The Effect of Magnesium Deficiency on the Blood Glucose Fluctuations Induced by Glucose Loading
(A) Representative trace of blood glucose levels after glucose loading in the Control (black) and MgD (blue) rats. (B) Water intake of 10% glucose solution for 5 d after 

surgery in the Control (black) and MgD (blue) rats. (C) Representative trace of daily blood glucose fluctuations in the Control (black) and MgD (blue) rats. The daytime is 
19  :  00–7 : 00, and the nighttime is 7 : 00–19 : 00. The red arrowhead indicates the calibration time point. Representative data for the Control and MgD rats are obtained on 
postoperative days 5 and 1, respectively. (D) Probability density of blood glucose levels. Each gray trace represents individual blood glucose data from a Control rat, with 
the black trace indicating the group average. Similarly, each light blue trace represents individual data from an MgD rat, with the blue trace indicating the group average 
(***p < 0.001, Kolmogorov–Smirnov test, n = 7 Control and 5 MgD rats). (E) Average blood glucose levels over the entire 24-h period, followed by the first (19 : 00–1 : 00) 
and second (1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the night phase, presented from left to right (p > 0.05, 
Welch’s t-test, n = 7 Control and 5 MgD rats for all periods, except n = 4 for the MgD group during the night1st). (F) S.D. over the entire 24-h period, followed by the first 
(19 : 00–1 : 00) and second (1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the night phase, presented from left to 
right (p > 0.05, Welch’s t-test, n = 7 Control and 5 MgD rats for all periods, except n = 4 for the MgD group during the night1st). (G) Coefficient of variation (CV) over the 
entire 24-h period, followed by the first (19 : 00–1 : 00) and second (1 : 00–7 : 00) halves of the day phase, and the first (7 : 00–13 : 00) and second (13 : 00–19 : 00) halves of the 
night phase, presented from left to right (n = 7 Control and 5 MgD rats for all periods, except n = 4 for the MgD group during the night1st).
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Collectively, these data indicate that MgD compromises adap-
tive capacity and disrupts homeostasis under glucose-loaded 
conditions.

DISCUSSION

In this study, CGM was employed in freely moving rats 
subjected to chronic MgD for 2–3 weeks. A significant reduc-
tion in basal blood glucose levels during the daytime rest-
ing period was observed. Furthermore, MgD rats exhibited 
elevated fluid intake beyond basal levels when provided ad 
libitum access to a glucose solution. This ingestive behavior 
suggests a compensatory mechanism for the reduced basal 

blood glucose levels. Additionally, analysis of glucose dynam-
ics revealed that, under standard water conditions, MgD rats 
displayed nonlinear glucose fluctuations comparable to those 
of the Control group. However, aberrant and stochastic fluctua-
tions in glucose were observed during the day phase when the 
glucose solution was consumed.

Previous studies have reported associations between MgD 
and diabetes in both rodents and humans. In humans, Mg sup-
plementation has been shown to improve insulin resistance.19) 
Electrophysiological experiments using cultured mouse islets 
have demonstrated that low Mg levels reduce the intracellu-
lar concentration of Mg ions, thereby altering KATP channel 
gating and enhancing insulin secretion.20) Only one previous 

Fig. 3.  Magnesium Deficiency Did Not Alter Periodic Blood Glucose Fluctuations under Normal Water Conditions
(A) Representative phase space trajectories of blood glucose fluctuations under standard water conditions. From left: Day phase (Control, MgD); night phase (Control, 

MgD). (B) Representative recurrence plots of blood glucose fluctuations. Data were binarized using a threshold. From left: Day phase (Control, MgD); night phase (Con-
trol, MgD). (C) The probability of each diagonal line length derived from B (Black: Control, Blue: MgD). Left: Day phase; right: night phase (n = 7 Control and 8 MgD 
rats). (D) Comparison of the entropy of the distribution of diagonal lengths. Left: Day phase; right: night phase (p > 0.05, Welch’s t-test; n = 7 Control and 8 MgD rats). (E) 
Comparison of the laminarity of the diagonal lengths distribution. Left: Day phase; right: night phase (p > 0.05, Welch’s t-test; n = 7 Control and 8 MgD rats).
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study has reported that administering a marginally low-Mg 
diet for 13 weeks resulted in a minimal reduction in serum Mg 
concentration and no observable changes in glucose dynam-
ics.21) However, the effects of frank MgD—characterized  
by significantly reduced serum Mg concentrations—on in vivo 
glucose dynamics remain largely unexplored. Synthesizing the 
results of this study with previous in vitro research suggests 
that chronic MgD may enhance insulin secretion, thereby 
suppressing basal blood glucose levels. Nevertheless, such a 
sustained reduction in basal blood glucose could potentially 
precipitate insulin resistance, warranting further investigation, 
including the quantification of plasma and blood serum con-
centrations.

Furthermore, the observation that this change occurred 
during the day phase but not the night phase under the stan-
dard drinking water conditions suggests that the rats may have 
compensated for the drop in blood glucose levels by increasing 
their food intake during the active night phase. Although food 
intake was not measured in this study, the absence of significant 
body weight changes suggests that compensatory feeding may 
have occurred without precipitating weight gain. Alternatively, 
the rats may have reduced glucose consumption by decreasing 
locomotor activity during the night phase. As this study did not 
quantitatively analyze long-term activity levels or gastrointesti-
nal motility, evaluating locomotor activity22) and gastrointestinal 
absorption capacity23) would enable a more rigorous assessment.

Fig. 4.  Magnesium Deficiency Disrupts Blood Glucose Periodicity and Homeostasis during Glucose–Water Loading
(A) Representative phase space trajectories of blood glucose fluctuations under standard water conditions. From left: Day phase (Control, MgD); night phase (Control, 

MgD). (B) Representative recurrence plots of blood glucose fluctuations. Data were binarized using a threshold. From left: Day phase (Control, MgD); night phase (Con-
trol, MgD). (C) The probability of each diagonal line length derived from (B) (black: Control, blue: MgD). Left: Day phase; right: night phase (n = 7 Control and 5, 4 MgD 
rats). (D) Comparison of the entropy of the distribution of diagonal lengths. Left: Day phase; right: night phase (*p < 0.05, Welch’s t-test; n = 7 Control and 5, 4 MgD rats). 
(E) Comparison of the laminarity of the diagonal lengths distribution. Left: Day phase; right: night phase (*p < 0.05, Welch’s t-test; n = 7 Control and 5, 4 MgD rats).
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In contrast, experiments utilizing the glucose solution con-
sistently showed increased consumption in MgD rats during 
the day phase, supporting the hypothesis that lowered blood 
glucose levels drive glucose intake to maintain homeostasis. 
However, since MgD also influences central nervous system 
activity,14) the possibility that it directly affects hypothalamic 
feeding or dipsogenic centers cannot be excluded. To eluci-
date this mechanism, electrophysiological recordings, such as 
patch-clamp measurements from specific neurons in the hypo-
thalamus of MgD animals, are required.24–27) Nevertheless, the 
finding that MgD exerts distinct effects on circadian blood 
glucose fluctuations is a significant discovery, elucidated for 
the first time by the glycemic and behavioral analyses in this 
study.

Moreover, continuous analysis of glycemic variability in 
this study suggested that blood glucose dynamics under MgD 
conditions exhibit a reduction in adaptive capacity and rapid 
excursions during glucose solution intake that differ from 
normative patterns. Previous studies have shown that glu-
cose kinetics are significantly less complex in patients with 
human type 2 diabetes28) and that this complexity decreases 
even before diabetes manifests in mouse models.29) Our 
study examined MgD rats, which exhibit hypoglycemia—
factors that could predispose them to insulin resistance and  
diabetes—despite the condition not yet being fully estab-
lished. Our results showed that MgD rats demonstrated a 
significant decrease in the ENTR of blood glucose fluctuations 
during glucose solution intake. This indicates that 2–3 weeks 
of severe MgD are sufficient to precipitate these disruptions in 
glucose homeostasis.
Notably, this study confirmed a significant decrease in DET 

during the day phase under glucose-loaded conditions. This 
decrease was attributable to an increase in short diagonal 
lengths in the RP, indicating a reduced recurrence of tempo-
rally similar glycemic states. Given that this reduction was not 
observed under standard drinking water control conditions, it 
suggests that the pancreatic response to an exogenous glucose 
load has become unstable, reflecting a disruption of blood glu-
cose homeostasis.

Currently, it remains unclear whether these changes in tem-
poral glucose dynamics occur simultaneously with the base-
line decrease or independently. CGM over shorter deficiency 
phases may provide insight into this latency. Focusing not 
only on the reduction in baseline blood glucose but also on 
the nonlinear dynamics of glycemia could enable the assess-
ment of an individual’s metabolic status. If larger datasets 
become available, it may be possible to develop predictive 
models30) for systemic Mg status based solely on observed 
blood glucose dynamics. This suggests the potential for clin-
ical application in the form of a Mg supplementation strategy 
that utilizes glycemic dynamics as a biomarker. Furthermore, 
the temporal changes in blood glucose levels when glucose 
solution is freely available remain unclear. In the present 
study, the 10% glucose solution was used as a sustained oral 
glucose-loading condition to probe glucose dynamics under 
MgD. Because this condition was not designed as a matched 
within-animal intervention to isolate the effect of the glucose 
solution itself, direct comparison between Control rats under 

standard water and glucose solution was considered beyond 
the scope of the current study. Although this study did not 
analyze this aspect, it would be a valuable area for future 
research.

In conclusion, this study utilized a rodent model to eluci-
date the effects of MgD on blood glucose levels and dynamics 
in detail across different circadian phases. This study empha-
sizes the importance of Mg intake for blood glucose Control 
and highlights the usefulness of applying nonlinear analysis to 
blood glucose dynamics.

Acknowledgments  This work was supported by JST 
ERATO (JPMJER1801), the Institute for AI and Beyond of the 
University of Tokyo, JSPS KAKENHI (22K21353; 25K18705, 
25K23765), AMED Brain/MINDS 2.0 (24wm0625207s0101; 
24wm0625401h0001; 24wm0625502s0501), and the grant from 
the Salt Science Research Foundation.

DECLARATIONS

Author Contributions  Y.I. conceived the project and 
designed the study. S.I. performed the experiments. S.I., M.U., 
and T.K. analyzed the data. Y.I., N.M., and T.K. oversaw and 
managed the project. S.I., M.U., N.M., and T.K. wrote and 
revised the manuscript. All approved the final version of the 
manuscript.

Conflict of Interest  The authors declare no conflict of 
interest.

Supplementary Materials  This article contains supple-
mentary materials.

REFERENCES

  1)	 Jahnen-Dechent W, Ketteler M. Magnesium basics. Clin. Kidney J., 5 
(Suppl. 1), i3–i14 (2012).

  2)	 de Baaij JHF. The art of magnesium transport. Magnes. Res., 28, 
85–91 (2015).

  3)	 Volpe SL. Magnesium in disease prevention and overall health. Adv. 
Nutr., 4, 378S–383S (2013).

  4)	 Fawcett WJ, Haxby EJ, Male DA. Magnesium: physiology and phar-
macology. Br. J. Anaesth., 83, 302–320 (1999).

  5)	 Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A. Magne-
sium gates glutamate-activated channels in mouse central neurones. 
Nature, 307, 462–465 (1984).

  6)	 Mayer ML, Westbrook GL, Guthrie PB. Voltage-dependent block 
by Mg2+ of NMDA responses in spinal cord neurones. Nature, 309, 
261–263 (1984).

  7)	 Tsuji H, Venditti FJ Jr, Evans JC, Larson MG, Levy D. The associa-
tions of levels of serum potassium and magnesium with ventricular 
premature complexes (the Framingham Heart Study). Am. J. Cardiol., 
74, 232–235 (1994).

  8)	 Chakraborti S, Chakraborti T, Mandal M, Mandal A, Das S, Ghosh 
S. Protective role of magnesium in cardiovascular diseases: a review. 
Mol. Cell. Biochem., 238, 163–179 (2002).

  9)	 Slutsky I, Abumaria N, Wu L-J, Huang C, Zhang L, Li B, Zhao X, 
Govindarajan A, Zhao M-G, Zhuo M, Tonegawa S, Liu G. Enhance-
ment of learning and memory by elevating brain magnesium. Neuron, 
65, 165–177 (2010).

10)	 Abumaria N, Yin B, Zhang L, Li X-Y, Chen T, Descalzi G, Zhao L, 
Ahn M, Luo L, Ran C, Zhuo M, Liu G. Effects of elevation of brain 

https://doi.org/10.1093/ndtplus/sfr163
https://doi.org/10.1093/ndtplus/sfr163
https://doi.org/10.1684/mrh.2015.0388
https://doi.org/10.1684/mrh.2015.0388
https://doi.org/10.3945/an.112.003483
https://doi.org/10.3945/an.112.003483
https://doi.org/10.1093/bja/83.2.302
https://doi.org/10.1093/bja/83.2.302
https://doi.org/10.1038/307462a0
https://doi.org/10.1038/307462a0
https://doi.org/10.1038/307462a0
https://doi.org/10.1038/309261a0
https://doi.org/10.1038/309261a0
https://doi.org/10.1038/309261a0
https://doi.org/10.1016/0002-9149(94)90362-X
https://doi.org/10.1016/0002-9149(94)90362-X
https://doi.org/10.1016/0002-9149(94)90362-X
https://doi.org/10.1016/0002-9149(94)90362-X
https://doi.org/10.1023/A:1019998702946
https://doi.org/10.1023/A:1019998702946
https://doi.org/10.1023/A:1019998702946
https://doi.org/10.1016/j.neuron.2009.12.026
https://doi.org/10.1016/j.neuron.2009.12.026
https://doi.org/10.1016/j.neuron.2009.12.026
https://doi.org/10.1016/j.neuron.2009.12.026
https://doi.org/10.1523/JNEUROSCI.3782-11.2011
https://doi.org/10.1523/JNEUROSCI.3782-11.2011


840

Biol. Pharm. Bull. Vol. 49, No. 5 (2026)

magnesium on fear conditioning, fear extinction, and synaptic plas-
ticity in the infralimbic prefrontal cortex and lateral amygdala. J. Neu-
rosci., 31, 14871–14881 (2011).

11)	 Inagaki N, Kuromi H, Gonoi T, Okamoto Y, Ishida H, Seino Y, Kane-
ko T, Iwanaga T, Seino S. Expression and role of ionotropic glutamate 
receptors in pancreatic islet cells. FASEB J., 9, 686–691 (1995).

12)	 Molnár E, Váradi A, McIlhinney RA, Ashcroft SJ. Identification of 
functional ionotropic glutamate receptor proteins in pancreatic beta- 
cells and in islets of Langerhans. FEBS Lett., 371, 253–257 (1995).

13)	 Bertrand G, Gross R, Puech R, Loubatières-Mariani MM, Bockaert 
J. Evidence for a glutamate receptor of the AMPA subtype which me-
diates insulin release from rat perfused pancreas. Br. J. Pharmacol., 
106, 354–359 (1992).

14)	 Inoue S, Ikegaya Y, Matsumoto N, Kashima T. Magnesium deficiency 
differentially modulates hippocampal and prefrontal oscillations and 
cardiac rhythms. J. Pharmacol. Sci., 160, 97–110 (2026).

15)	 Kendig MD, Martire SI, Boakes RA, Rooney KB. Comparable meta-
bolic effects of isocaloric sucrose and glucose solutions in rats. Physi-
ol. Behav., 229, 113239 (2021).

16)	 Frandes M, Timar B, Timar R, Lungeanu D. Chaotic time series  
prediction for glucose dynamics in type 1 diabetes mellitus using  
regime-switching models. Sci. Rep., 7, 6232 (2017).

17)	 Šterk M, Križančić Bombek L, Skelin Klemen M, Slak Rupnik M, 
Marhl M, Stožer A, Gosak M. NMDA receptor inhibition increases, 
synchronizes, and stabilizes the collective pancreatic beta cell activi-
ty: Insights through multilayer network analysis. PLOS Comput. Biol., 
17, e1009002 (2021).

18)	 Kushner T, Mosquera-Lopez C, Hilts W, Leitschuh J, Dodier R, Bran-
igan D, Eom J, Howard M, Aby-Daniel D, Wilson LM, Jacobs PG. 
Identifying and intervening on glucose patterns in multivariate data 
using block-based recurrence quantification analysis. J. Diabetes Sci. 
Technol., 19, 1448–1456 (2025).

19)	 Liu H, Li N, Jin M, Miao X, Zhang X, Zhong W. Magnesium sup-
plementation enhances insulin sensitivity and decreases insulin re-
sistance in diabetic rats. Iran. J. Basic Med. Sci., 23, 990–998 (2020).

20)	 Gommers LMM, Hill TG, Ashcroft FM, de Baaij JHF. Low extra-
cellular magnesium does not impair glucose-stimulated insulin secre-
tion. PLOS ONE, 14, e0217925 (2019).

21)	 Bertinato J, Lavergne C, Rahimi S, Rachid H, Vu NA, Plouffe LJ, 
Swist E. Moderately low magnesium intake impairs growth of lean 
body mass in obese-prone and obese-resistant rats fed a high-energy 
diet. Nutrients, 8, 253 (2016).

22)	 Kawamura M, Yoshimoto A, Ikegaya Y, Matsumoto N. Low atmo-
spheric oxygen attenuates alpha oscillations in the primary motor cor-
tex of awake rats. Biol. Pharm. Bull., 47, 462–468 (2024).

23)	 Ishii Y, Matsumoto N, Ikegaya Y, Kashima T. Wireless recording and 
autoencoder denoising of intestinal activity in freely moving rats. J. 
Pharmacol. Sci., 158, 54–58 (2025).

24)	 Yamashiro K, Aoki M, Matsumoto N, Ikegaya Y. Polyherbal formu-
lation enhancing cerebral slow waves in sleeping rats. Biol. Pharm. 
Bull., 43, 1356–1360 (2020).

25)	 Kashima T, Sasaki T, Ikegaya Y. Optogenetic estimation of synaptic 
connections in brain slices. J. Neurosci. Methods, 412, 110298 (2024).

26)	 Matsumoto N, Miyano M, Abe T, Kashima T, Kato-Ishikura E, Inoue 
K-I, Liu J, Kiyonari H, Takeuchi H, Ikegaya Y. Generation of dopa-
mine transporter (DAT)-mCherry knock-in rats by CRISPR-Cas9 ge-
nome editing. Biol. Pharm. Bull., 47, 394–398 (2024).

27)	 Samejima H, Sato Y, Ikegaya Y, Kashima T. Deep patch-clamp re-
cordings in awake mice from medial septal neurons during hippocam-
pal sharp-wave ripples. Neuroreport, 37, 132–138 (2026).

28)	 Costa MD, Henriques T, Munshi MN, Segal AR, Goldberger AL. Dy-
namical glucometry: use of multiscale entropy analysis in diabetes. 
Chaos, 24, 033139 (2014).

29)	 Zhang XD, Pechter D, Yang L, Ping X, Yao Z, Zhang R, Shen X, 
Li NX, Connick J, Nawrocki AR, Chakravarthy M, Li C. Decreased 
complexity of glucose dynamics preceding the onset of diabetes in 
mice and rats. PLOS ONE, 12, e0182810 (2017).

30)	 Uemura M, Mizuno H, Ikegaya Y, Kashima T. Real-time classification 
of cortical slow-wave states by a machine learning model. Neurosci. 
Res., 224, 105024 (2026).

https://doi.org/10.1523/JNEUROSCI.3782-11.2011
https://doi.org/10.1523/JNEUROSCI.3782-11.2011
https://doi.org/10.1523/JNEUROSCI.3782-11.2011
https://doi.org/10.1096/fasebj.9.8.7768362
https://doi.org/10.1096/fasebj.9.8.7768362
https://doi.org/10.1096/fasebj.9.8.7768362
https://doi.org/10.1016/0014-5793(95)00890-L
https://doi.org/10.1016/0014-5793(95)00890-L
https://doi.org/10.1016/0014-5793(95)00890-L
https://doi.org/10.1111/j.1476-5381.1992.tb14340.x
https://doi.org/10.1111/j.1476-5381.1992.tb14340.x
https://doi.org/10.1111/j.1476-5381.1992.tb14340.x
https://doi.org/10.1111/j.1476-5381.1992.tb14340.x
https://doi.org/10.1016/j.jphs.2025.12.002
https://doi.org/10.1016/j.jphs.2025.12.002
https://doi.org/10.1016/j.jphs.2025.12.002
https://doi.org/10.1016/j.physbeh.2020.113239
https://doi.org/10.1016/j.physbeh.2020.113239
https://doi.org/10.1016/j.physbeh.2020.113239
https://doi.org/10.1038/s41598-017-06478-4
https://doi.org/10.1038/s41598-017-06478-4
https://doi.org/10.1038/s41598-017-06478-4
https://doi.org/10.1371/journal.pcbi.1009002
https://doi.org/10.1371/journal.pcbi.1009002
https://doi.org/10.1371/journal.pcbi.1009002
https://doi.org/10.1371/journal.pcbi.1009002
https://doi.org/10.1371/journal.pcbi.1009002
https://doi.org/10.1177/19322968251386058
https://doi.org/10.1177/19322968251386058
https://doi.org/10.1177/19322968251386058
https://doi.org/10.1177/19322968251386058
https://doi.org/10.1177/19322968251386058
https://doi.org/10.1371/journal.pone.0217925
https://doi.org/10.1371/journal.pone.0217925
https://doi.org/10.1371/journal.pone.0217925
https://doi.org/10.3390/nu8050253
https://doi.org/10.3390/nu8050253
https://doi.org/10.3390/nu8050253
https://doi.org/10.3390/nu8050253
https://doi.org/10.1248/bpb.b23-00863
https://doi.org/10.1248/bpb.b23-00863
https://doi.org/10.1248/bpb.b23-00863
https://doi.org/10.1016/j.jphs.2025.03.005
https://doi.org/10.1016/j.jphs.2025.03.005
https://doi.org/10.1016/j.jphs.2025.03.005
https://doi.org/10.1248/bpb.b20-00285
https://doi.org/10.1248/bpb.b20-00285
https://doi.org/10.1248/bpb.b20-00285
https://doi.org/10.1016/j.jneumeth.2024.110298
https://doi.org/10.1016/j.jneumeth.2024.110298
https://doi.org/10.1248/bpb.b23-00598
https://doi.org/10.1248/bpb.b23-00598
https://doi.org/10.1248/bpb.b23-00598
https://doi.org/10.1248/bpb.b23-00598
https://doi.org/10.1097/WNR.0000000000002244
https://doi.org/10.1097/WNR.0000000000002244
https://doi.org/10.1097/WNR.0000000000002244
https://doi.org/10.1063/1.4894537
https://doi.org/10.1063/1.4894537
https://doi.org/10.1063/1.4894537
https://doi.org/10.1371/journal.pone.0182810
https://doi.org/10.1371/journal.pone.0182810
https://doi.org/10.1371/journal.pone.0182810
https://doi.org/10.1371/journal.pone.0182810
https://doi.org/10.1016/j.neures.2026.105024
https://doi.org/10.1016/j.neures.2026.105024
https://doi.org/10.1016/j.neures.2026.105024

